
Heat Transfer in Magma in situ ten basalt create a skewed temperature 
distribution along the boundary, with a 

Abstract. Heat transfer rates in a basaltic magma were measured under typical maximum shifted upward away from the 
magma chamber conditions and a numerical model of the experiment was used to midpoint. The boundary temperature 
estimate magma viscosity. The results are of value for assessing methods of thermal distribution (Fig. 2) is illustrative of 
energy extraction from magma bodies in the upper crust as well as for modeling the skewing caused by convection. Further, 
evolutionary track of these systems. the mean temperature of the inner 

boundary is as much as 38°C lower in the 
Knowledge of convection in magmatic weight (6) ,  that was used in previous presence of convection. In the interior, 

systems is crucial to assessing the feasi- heat transfer measurements at atmo- isotherms are more or less vertical in the 
bility of direct energy extraction from spheric pressure (2). conductive runs, but with convective 
shallow magma bodies in the earth's To interpret the temperature data, nu- circulation they are distorted in the di- 
crust ( I ) .  Furthermore, heat transfer in merical modeling was carried out with a rection of fluid motion (up along the 
magmas strongly influences the flow of general-purpose, two-dimensional com- heated inner wall and down along the 
heat to the earth's surface, affecting pro- puter program. This finite-element code cooler outer wall). Besides affecting the 
cesses such as mineralization and ther- solves the axisymmetric, free convection distribution of isotherms, convection 
ma1 metamorphism. While convective problem using the Boussinesq form of provides more efficient heat transfer 
heat transfer rates have been measured the Navier-Stokes equations (7). Con- across the test section. The laboratory 
in degassed basaltic magmas at atmo- stant thermal properties appropriate for results also exhibit these features, which 
spheric pressure and near-liquidus tem- a basaltic magma at high temperature are characteristic of convection. In fact, 
peratures ( 2 ) ,  similar heat transfer mea- were used in the calculations (8).  The inner boundary temperatures could be 
surements have not, to our knowledge, model was "started up" in the same closely matched only when convection 
been made for a magma with volatiles at fashion as the actual apparatus. At zero was included in the calculated model. 
representative in situ temperatures and time the model was isothermal, having a Figure 3 shows the results of test runs 
pressures. However, there is reason to temperature equal to the temperature of at nearly constant power (68 W). The 
believe that pressure and, particularly, the outer external wall of the platinum effect of convection is quantified by cal- 
volatile content influence convective container. At this time a constant heat culating a form of the Nusselt number, 
heat transfer by lowering magma viscosi- flux was applied to the inner boundary. the ratio of the total heat transfer rate to 
ty (3-5). We report a novel laboratory As the molten region began to heat, the rate of heat transfer by conduction 
investigation of magma convection in a convective circulations developed, and only (9). The data clearly show an in- 
low-silica basalt under conditions of tem- after 2500 to 3000 seconds a steady-state crease in heat transfer rate with increas- 
perature, pressure, and water content thermal distribution was obtained. The ing mean temperature. This same trend 
corresponding to those in a magma numerical calculations show that steady- with mean temperature was also ob- 
chamber at a depth of 7.5 km. In contrast state conduction produces a nearly sym- served in preliminary experimental runs 
to previous heat transfer measurements metrical temperature distribution along with dry Cuberio basalt (10). However, 
in magma, the controlled conditions of the inner boundary, with a maximum the present data result in heat transfer 
this experiment allow detailed numerical near the midpoint. On the other hand, coefficients that are approximately 30 
modeling from which viscosity in a natu- thermally driven circulations in the m ~ 1 -  percent higher than the dry values ob- 
rally convecting magma can be inferred. 
This combination of measurement and 
modeling is necessary for scaling con- 
vection to crustal magma bodies. 

In situ temperature and pressure Con- Fig. 1 .  TOP and cross-sectiona] 
ditions were simulated at Sandia Nation- views of the platinum crucible 

Laboratories in a large-volume, high- test Section. Zirconium-stabi- 

pressure, and high-temperature auto- ~ ~ ~ ~ m ~ ~ ~ $ ~ w ~ ~ ~ ~ d ~ ~ ~ i  

clave. A platinum crucible with a sample boundaries, ~h~ ]id of the cru- 
volume of about 0.5 liter was fabricated cible was corrugated in the 
for these convection experiments (Fig, form of concentric circles to 
1). The inner boundary of the crucible for 'knificant changes in F%:::t% 

@ Insulation 

internal volume during heat- cap 
was designed to accept an axial heater. ing. The internal crucible is sealed - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - This configuration produced a constant 0.090 m in diameter by 0.081 m platinum = - -A e - - -  - 
heat flux along the inner boundary while in height. The axial heater fin- crucible 

the outer boundary was held at a con- ger is 0.019 in diameter and 

~ t a n t  temperature by the autoclave con- extends O.0Y5 into the 'am- 
ple material. During an experi- 

trol system. Upper and lower boundaries ment, the central heater pro- 
were insulated with eight alternating lay- vides constant heat flux on the Sample 

ers of ceramic fiber blanket and molyb- inner wall while the outer wall 
denum radiation reflectors. Tempera- is maintained at a constant Boron heater 

temperature in an argon envi- nitride 
tures along the inner and outer bound- ThermOCOUples are ;;;rs;l 
aries were measured with PtIPt-Rh ther- mounted at six locations on (three 
mocouples welded to the crucible in six the inner and outer walls of the places) 

places. For the sample we used a local apparatus. 

New Mexico alkali basalt (Cuberio ba- Heater leads 
( f ish spine-insulated) Molybdenum salt), containing 46 percent silica by baseplate 
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the viscosities inferred from the present 

Fig. 2. Schematic 
showing isotherms 
and streamlines pre- 
dicted by the numeri- 
cal model for a total 
heat flux of 73 W on 
the inner wall and a 
constant temperature 
of 1180°C on the out- 
er. The relatively low 
value of the dynamic 
viscosity (20 P) allows 
convection to be vig- 
orous enough to 
strongly distort the 
isotherms, introduc- 
ing asymmetry into 
the inner wall tem- 
perature distribution. 

Isotherms Streamlines 

tained at  the same mean temperature. percent silica by weight) at higher pres- 
We conclude that the addition of water sure. For  a pressure of 500 MPa they 
significantly increases convective heat found viscosities of 63 P at  1270°C and 33 
transfer rates. P at 1400°C. At even higher pressures 

The influence of viscosity on heat (1500 MPa) they found very little change 
transfer was numerically evaluated for in the viscosity of dry basalt for compa- 
several different constant viscosity val- rable temperatures. 
ues (10 to 200 poise). (The use of con- Our values are also somewhat lower 
stant viscosity rather than a more com- than viscosities measured by Murase and 
plicated, temperature-dependent rheolo- McBirney (11) for dry basalts at atmo- 
gy was deemed adequate for bounding spheric pressure. At temperatures near 
values of the Nusselt number in the 1200°C they obtained viscosities of 630 P 
experiment.) Each calculation results in for Columbia River basalt (51 percent 
a single Nusselt value, giving rise to  the silica by weight) and 125 P for Galapagos 
horizontal lines shown in Fig. 3. As olivine basalt (46 percent silica). The 
expected, lower viscosity runs corre- latter silica content is comparable to that 
spond to higher rates of heat transfer. of the Cuberio basalt used here. While 
The numerical calculations were also 
used to evaluate the effect of tempera- 
ture-dependent thermal conductivity. 
Over the range of temperatures consid- 
ered, the data of Murase and McBirney 
(11) show a "1 17 percent variation from 
the constant value of thermal conductiv- 
ity used. The effects of this maximum 
variation, calculated for the 20- and 100- 
P cases, are illustrated by the shaded 
zones in Fig. 3. A t 17 percent variation 
in thermal conductivity results in a *4 
percent variation in heat transfer a t  the 
lower viscosity and approximately a k 2  
percent variation at  the higher viscosity. 
Thus a large variation in thermal conduc- 
tivity with mean temperature cannot ex- 
plain the data obtained. 

For  a water content of 2.7 percent by 
weight, we find that the experimental 
data are consistent with viscosities be- 
tween 200 and 20 P over a mean tempera- 
ture from 1010" to 1230°C. These results 
compare favorably with those of Fujii 
and Kushiro (3) and Kushiro et al. (4), 
who obtained slightly higher viscosities 
for a dry Kilauea olivine tholeiite (50 
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Fig. 3. Dependence of the Nusselt number on 
the mean temperature of the magma. The five 
data points presented correspond to experi- 
mental runs made with the same value of heat 
flux applied to the inner boundary but with 
different prescribed outer boundary tempera- 
tures. Error bars at each data point reflect a 
t2"C uncertainty in the measurement of tem- 
perature difference. Horizontal lines repre- 
sent numerical calculations of the Nusselt 
number for the experiment using a constant 
viscosity model. 

experiment are lower than the above 
values, the actual variation between wet 
and dry measurements is not nearly as 
dramatic as  the variation found by Shaw 
(5) for obsidian having a silica content 
of 77 percent by weight. Since water 
decreases magma viscosity by reducing 
the polymerization of silica in the melt, 
the effect of water on a more weakly 
polymerized alkali basalt should be less 
(5). 

We conclude that convective heat 
transfer is much more effective in mag- 
mas in situ than might be expected from 
measurements obtained with degassed 
magmas at  atmospheric pressure. Fur- 
ther, our ability to successfully model 
the dynamics of the small-scale convect- 
ing system by using accepted values of 
magma properties provides a basis for 
numerically extrapolating the heat trans- 
fer behavior of magma to large crustal 
magma bodies. The inferred viscosities 
are significant for thermal history models 
of magmatic regions since the ability of 
volcanic plumbing to remain in the mol- 
ten state depends on the efficiency of 
circulations carrying heat from the hot- 
ter, resupplied regions to the more re- 
mote parts of the system. Conduits and 
dikes are extreme examvles of structures 
that depend on the vigor of convection to 
offset heat lost to the host rock if the 
structure is to remain molten in the ab- 
sence of a forced flow of magma through 
the system. For  vertical conduits, natu- 
ral circulations might allow the structure - 
to behave as  a heat pipe (12), an idea 
supported by the relatively low viscosi- 
ties reported here. 

J. C. DUNN 
C. R.  CARRIGAN 

R. P.  WEMPLE 
Sandia National Laboratories, 
Albuquerque, New Mexico 87185 
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Mesozoic Mammals from Arizona: New Evidence on 
Mammalian Evolution 

Abstract. Knowledge o f  early mammalian evolution has been based on Old World 
Late Triassic-Early Jurassic faunas. The discovery of mammalian fossils of approxi- 
mately equivalent age in the Kayenta Formation of northeastern Arizona gives 
evidence of greater diversity than known previously. A new taxon documents the 
development of an angular region of the jaw as a neomorphic process, and 
represents an intermediate stage in the origin of mammalian jaw musculature. 

Knowledge of the emergence and ear- 
ly evolution of mammals has been based 
upon faunas of Late Triassic-Early Ju- 
rassic age from localities throughout the 
Old World (1, 2). Best known and most 
common are representatives of the Mor- 
ganucodontidae, a family of triconodonts 
allied to later groups of Mesozoic mam- 
mals (3); morganucodontids are known 
from England and Wales, continental 
Europe, China, and southern Africa. An- 
other family, the Kuehneotheriidae, is 
known solely from isolated teeth and 
fragmentary maxillae and mandibles 
found in fissure deposits in Wales; the 
molars nonetheless give evidence that 
Kuehneotherium was of the stock that 
gave rise to later therian mammals (4). 
Most other mammalian fossils of compa- 
rable age are too incomplete to establish 
their affinities with confidence (5). Until 
recently, we interpreted the major event 
of early mammalian evolution as  a di- 
chotomous branching of morganucodon- 
tids (nontherians) and kuehneotheriids 
(therians) during the latter half of the 
Triassic (3). In this report of the first 
discovery of a morganucodontid fauna in 
the New World, we also describe a pre- 
viously unknown mammal, and present 
evidence that modifies previous interpre- 
tations of early mammalian anatomy and 
evolution. 

The fossil mammals were discovered 
in the silty facies of the Kayenta Forma- 
tion exposed along the Adeii Eechii 
Cliffs about 30 miles south-southeast of 
Tuba City, Arizona (6). The associated 
vertebrate fauna includes ornithischian 
and saurischian dinosaurs, crocodilians, 
tritylodontids, turtles, lizards, amphibi- 

ans, and pterosaurs (7). Two taxa, the 
small tritylodontid Oligokyphus (8)  and a 
morganucodontid, are congeneric with 
forms from European deposits. 

The morganucodontid remains are 
fragmentary; they consist of a crushed 
skull, postcranial bones, and four isolat- 
ed teeth. A well-preserved left upper 
molar (Fig. 1,  a and b) shows the config- 
uration of cusps A-F, and the presence 
of a large external and a smaller internal 
cingulum, all morganucodontid charac- 
teristics (9). The dimensions of the 
crown (length, 1.1 1 mm; width, 0.64 mm) 
are within the observed ranges of the 
Welsh morganucodontid Morganucodon 
watsoni and those of the Chinese species 
(10). However, several features of the 
Kayenta morganucodontid molar are dis- 
tinctive. Cusp B is more robust than cusp 
C. The internal cingulum, which is typi- 
cally complete in M .  watsoni, has a 
hiatus at its midpoint. The large size of 
the cuspules on the external cingulum is 
more similar to that of the southern 
African Megazostrodon than to that of 
the Welsh morganucodontid. These fea- 
tures are probably indicative of a species 
difference, but for lack of more complete 
material a t  present we simply refer the 
Kayenta morganucodontid to Morganu- 
codon sp. 

One specimen may provide evidence 
of haramiyids, an enigmatic group of 
mammals [possibly ancestral to multitu- 
berculates ( l l ) ]  that occurs as  rare fos- 
sils in Rhaeto-Liassic deposits of Eu- 
rope. The tooth (Fig. lc) bears several 
features characteristic of Haramiya: two 
rows of cusps, joined at  one end by a 
crest, enclose a central sulcus; one row 

bears three cusps; the largest cusp of the 
other row is adjacent to the open end of 
the sulcus, and there are three roots, two 
of which form a pair below the open end 
of the sulcus. Unlike Haramiya, howev- 
er,  the second row bears only two cusps 
(rather than four or five), and the tooth is 
smaller (0.66 mm long) than European 
specimens (1 to 3 mm) (2, 12). Hara- 
miyids are insufficiently known to assess 
the significance of these differences, but 
their occurrence with Morganucodon 
strengthens the correlation with Rhaeto- 
Liassic vertebrate faunas of Europe. 

More abundant and better preserved 
are specimens of a new mammalian tax- 
on: 

Class: Mammalia 
Order: Triconodonta 
Family incertae sedis 

Dinnetherium gen. nov. 

Etymology: Dinne, the Navajo Indian 
word for the (Navajo) people; Therion, 
Greek, wild beast: the "Navajo's wild 
beast. " 
Type species: Dinnetherium nezorum sp. 
nov. 
Diagnosis: As for the type and only 
species. 

Dinnetherium nezorum sp. nov. 
Etymology: Named for the Nez family of 
Gold Spring. 
Type: MNA V3221, a partial right mandi- 
ble with M2-5. 
Referred material: MCZ 20870-20877. 
Diagnosis: 

Three primary cusps on molariforms 
aligned anteroposteriorly as  in morganu- 
codontids, but central cusps A, a are 
taller as  in Kuehneotherium. Adjacent 
molariforms interlock (Fig. 1) by cus- 
pules e and f ( E  and F), forming an 
embrasure to receive the base of cuspule 
d ( D )  on the next anterior tooth. Cusp a 
occludes between B and A to produce a 
nearly horizontal, V-shaped facet that 
obliterates B in stages of advanced wear; 
cusp A produces a nearly vertical facet 
on c .  The new species is distinguished 
from morganucodontids and Kuehneo- 
therium by a flange-like ventrolateral ex- 
tension of the lateral ridge of the den- 
tary, and from triconodontids and am- 
philestids by the presence of a pseudan- 
gular process (13). 

Dental occlusion and jaw movement, 
reconstructed from matching wear facets 
on associated mandibular and maxillary 
teeth, involved a combination of medial 
translation and rotation (14). Primary 
cusp a of lower molars was the first to 
make intercuspal contact, and wore be- 
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